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This	study	 is	 the	 first	 large-scale	genetic	population	study	of	a	widespread	climax	

















to	 high	with	 large	 differences	 among	 sampling	 sites,	 indicating	 relatively	 low,	 but	
spatially	variable	sexual	reproduction	rates.	The	strongest	genetic	break	was	identi-
fied	for	three	sites	in	the	Zanzibar	channel.	Although	isolation	by	distance	is	present,	
this	 study	 suggests	 that	 the	 three	 regionally	 predominant	 ocean	 current	 systems	
(i.e.,	East	African	Coastal	Current,	North	East	Madagascar	Current,	and	the	South	
Equatorial	Current)	rather	than	distance	determine	genetic	connectivity	and	struc-
ture	of	T. hemprichii	 in	 the	WIO.	 If	 the	goal	 is	 to	maintain	 genetic	 connectivity	of	





Population	genetics	may	act	as	a	powerful	 tool	 for	 resource	man-
agement	planners	to	understand	the	genetic	connectivity	between	
populations,	which	 in	 turn	may	have	 implications	 for	decisions	 re-
garding	 number,	 sizes,	 and	 locations	 of	 protected	 areas	 (Palumbi,	
2003;	Waycott	et	al.,	2009).	Furthermore,	genetic	studies	can	also	




Seagrasses	 are	 marine	 flowering	 plants	 forming	 habitats	 (i.e.,	
seagrass	meadows)	 in	coastal	 areas	around	 the	world	and	provide	
a	wide	variety	of	ecosystem	services,	 such	as	habitat	and	nursery	











cent	examples).	While	 in	 the	Western	 Indian	Ocean	 (WIO)	we	are	
only	aware	of	one	local	assessment	of	the	seagrass	Thalassodendron 
ciliatum	 from	2001	 in	 southern	Mozambique	using	RAPD	markers	
(Bandeira	&	Nilsson,	2001)	and	one	recent	study	about	the	seagrass	
Zostera capensis	sampled	along	the	South	African	coast,	and	in	one	




The	 seagrass	 Thalassia hemprichii	 (Ehrenberg)	 Ascherson	 is	
widely	 distributed	 in	 the	 Indo-Pacific	 (Green	&	 Short,	 2003).	 It	 is	
one	 of	 the	 most	 common	 seagrass	 species	 in	 the	WIO	 (Bandeira	
&	Björk,	2001;	Gullström	et	al.,	2002),	a	biogeographic	sub-region	
of	 the	 Indian	Ocean	 stretching	on	a	 latitudinal	 scale	 from	Somalia	
to	 the	 east	 coast	 of	 South	 Africa	 (Obura,	 2012).	 T. hemprichii re-
produces	sexually	by	seeds	and	asexually	by	 rhizome	growth.	The	
extent	 of	 each	 component	 of	 reproduction	 has	 important	 effects	
on	local	population	demographics,	dispersal,	biogeography,	and	ge-
netic	diversity.	Seed	banks,	in	terms	of	long-term	survival	of	buried	
seeds,	 play	 an	 important	 role	 in	 the	persistence	of	 some	 seagrass	
species,	but	seem	to	be	absent	 in	T. hemprichii	 (Rollon,	Vermaat,	&	
Nacorda,	2003).	In	terms	of	long-distance	dispersal,	positively	buoy-
ant	shoots	with	attached	rhizomes	or	seedling	have	the	highest	po-
















Major	 currents	 in	 the	WIO	 region	 are	driven	by	 the	 east-west	




2002)	 and	 the	South	East	Madagascar	Current	 (SEMC)	 continuing	
south	along	the	east	coast	of	Madagascar.	Where	the	NEMC	reaches	
the	 coast	 of	 southern	 Tanzania	 and	 northern	 Mozambique,	 this	
major	current	system	splits	into	two	major	currents,	that	is,	the	East	






terns	 in	 the	WIO	 region	 (Ridgway	&	 Sampayo,	 2005),	 but	 see	 for	
example	 studies	 on	 corals	 (Souter,	 Henriksson,	 Olsson,	 &	 Grahn,	
2009;	 van	 der	Ven	 et	 al.,	 2016),	 spiny	 lobster	 (Singh,	Groeneveld,	
Hart-Davis,	 Backeberg,	&	Willows-Munro,	 2018),	 and	 fish	 (Muths,	
Gouws,	Mwale,	Tessier,	&	Bourjea,	2012;	Visram	et	al.,	2010).	The	
available	population	genetic	data	indicate	that	the	WIO	is	a	unique	
T. hemprichii	within	 the	WIO,	conservation	planning	and	 implementation	of	marine	
protection	should	be	considered	at	the	regional	scale—across	national	borders.
K E Y W O R D S
coastal	conservation,	connectivity,	dispersal,	gene	flow,	genetic	structure,	microsatellite,	
ocean	current,	population	genetics,	seagrass,	Western	Indian	Ocean
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genetic	sub-region	of	the	Indian	Ocean	(Ridgway	&	Sampayo,	2005).	






Zanzibar),	 Mozambique,	 and	 Madagascar.	 Since	 dispersal	 of	 both	
shoots	and	 fruits	of	T. hemprichii	mainly	occurs	by	passive	 rafting,	
we	hypothesized	that	genetic	population	structure	 in	the	region	 is	





2  | MATERIAL AND METHODS
2.1 | Study area and field sampling
The	 WIO	 covers	 about	 40	 degrees	 of	 latitude	 and	 hosts	 a	 high	
level	 of	marine	 biodiversity	 (from	Somalia	 in	 the	 north	 to	 eastern	
South	Africa	 in	 the	 south).	The	climate	and	pattern	 (and	 strength)	
of	 currents	 in	 the	 WIO	 are	 complex	 and	 strongly	 influenced	 by	
the	monsoonal	circulation	 (Figure	1).	Throughout	 the	SE	monsoon	
season	(March	to	October),	the	EACC	is	speeded	up	by	the	south-
easterly	 trade	winds	and	consequently,	 the	current	 speed	 reaches	
ca.	 1.5–2	ms−1.	During	 the	NE	monsoon	 season	 (October–March),	
the	current	 is	slowed	down	by	the	north-easterly	trade	winds	and	










tide	 at	 a	 distance	 of	 10–150	m	 apart	 to	 largely	 avoid	 sampling	 of	
genetically	identical	clones.	Commonly,	the	distance	between	sam-
ples	was	50–100	m.	This	resulted	in	the	collection	of	205	sampling	
units	 at	 11	 locations	 in	 Kenya,	 Tanzania	 (mainland	 and	 Zanzibar),	
Mozambique,	 and	 Madagascar,	 at	 pairwise	 distances	 between	
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2.2 | DNA extraction and microsatellite 
amplification
We	extracted	DNA	from	ca.	20	mg	of	silica-gel	dried	leaf	tissue	or	
from	 ethanol-preserved	 rhizome	 tissue	 using	modified	 CTAB	 pro-
tocols	for	silica-preserved	samples	 (Hoarau,	Coyer,	Stam,	&	Olsen,	








extension	step	of	60°C	 for	30	min	 (see	Appendices	S1	and	S2	 for	
details	on	primer	sequences	and	PCR	reagent	concentrations).














at	each	 locus	and	across	all	 loci	 in	each	population	with	Genepop	
4.2	(Raymond	&	Rousset,	1995)	using	100	batches	and	1,000	itera-
tions	per	batch,	and	applying	Bonferroni	corrections,	and	for	Linkage	







To	 detect	 null	 alleles,	 we	 used	 the	 software	MicroDrop	 (Wang	&	


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.4 | Genetic diversity and population 
differentiation
To	estimate	genetic	diversity	(genetic	variation	within	each	sampling	






(Peakall	&	Smouse,	 2012)	 and	 allelic	 richness,	 standardized	 to	 the	
same	number	of	MLGs,	with	standArich	(http://alber	to-lab.blogs	pot.





3.2.2	using	1,000	bootstrap	 replicates	 to	 test	 for	 the	 significance	
of	pairwise	 comparisons.	To	 summarize	 the	genetic	 structure	pre-
sent	in	our	dataset,	we	used	PCA	as	implemented	in	adegenet 2.0.1 
(Jombart,	2008)	in	R	3.3.2.
In	 order	 to	 detect	 spatial	 genetic	 structure	 in	 the	 WIO,	 we	
used	 Bayesian	 clustering	 algorithms	 implemented	 in	 STRUCTURE	
















2.5 | Directional migration rates and bottlenecks




generation	 migrants	 (individuals	 with	 different	 allele	 frequencies	
than	 the	 population	 where	 they	 were	 sampled),	 we	 also	 used	 an	
assignment	 test	 implemented	 in	 GENECLASS2	 (Piry	 et	 al.,	 2004)	
with	 the	 exclusion	 method.	We	 investigated	 local	 population	 dy-
namics	and	the	potential	presence	of	genetic	bottlenecks	with	the	










(geographic	distance	 among	 sampling	 sites	without	 crossing	 land).	
This	measure	was	calculated	with	the	R	package	marmap	 (Pante	&	




3.1 | Genetic data quality control
Clonality	varied	among	sites	and	we	identified	6–19	genotypes	per	
population	 (Table	 1),	 resulting	 in	 130	 genets	 (out	 of	 205	 ramets)	
that	were	used	for	all	further	analyses.	ZIN	in	Mozambique	and	the	
two	Madagascan	sites	(MAW	and	MAE)	exhibited	the	highest	levels	
of	 clonality	 (lowest	R-values;	Table	1).	 Several	 clones	were	 shared	
among	sites.	In	general,	microsatellites	were	only	lowly	polymorphic	
in	our	African	T. hemprichii	samples	(Table	1),	especially	compared	to	








3.2 | Genetic diversity and differentiation
Genetic	diversity	was	generally	low.	The	number	of	alleles	per	locus	
ranged	 from	1	 (monomorphic)	 to	7	 (TH07:	2,	THH-5:2,	THH-15:4,	
TH37:	3,	TH66:	3,	TH73:	3,	THH-34:3,	TH34:	7,	TH43:	2,	TH52:	3,	
THH-41:1,	THH-3:3).	There	were	eleven	rare	alleles	 in	our	dataset	










and	DEST	 showed	 similar	 patterns	 of	 genetic	 differentiation	 and	




a	 pattern	 is	 expected	 under	 scenarios	 where	 genetic	 distance	
increase	with	 geographic	 distance	 (Frichot,	 Schoville,	 Bouchard,	
&	 François,	 2012).	 The	most	 differentiated	 sampling	 sites	 were	





















pling	 sites	 (Table	 2).	 The	 immigrant	 at	 the	 site	ZP	 in	Mozambique	
is	 predicted	 to	 come	 from	 either	 TZF	 or	 TZM	 (Zanzibar),	 as	 also	
suggested	 by	 the	 divMigrate	 analysis	 (Figure	 4).	 The	 immigrant	 at	
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the	site	TZN	in	Zanzibar	is	suggested	to	come	from	the	site	TZC	in	
Zanzibar	or	the	Kenyan	site	KM.	This	scenario	is	not	supported	by	

















The	 overall	 aim	 of	 this	 study	 was	 to	 understand	 the	 large-scale	
(1000s	km)	population	genetic	pattern	of	the	seagrass	T. hemprichii 
in	 the	WIO	 region	 for	 regional	 conservation	 purposes.	 The	 study	
contributes	to	the	knowledge	of	population	genetic	patterns	of	im-
portant	species	in	the	region,	but	also	where	in	fact	little	is	known	
on	population	genetic	patterns	 in	general.	Genotyping	of	 the	 sea-
grass	T. hemprichii	was	successful,	and	we	found	four	distinguished	
genetic	 clusters	 separated	geographically	on	various	 spatial	 scales	
(10s–1000s	km).	Interestingly,	a	clear	genetic	cluster	co-occurs	with	










4.1 | Genetic structure and connectivity of 
T. hemprichii in the WIO
We	show	significant	genetic	structure	among	most	of	the	sampled	
T. hemprichii	meadows	 and	 find	 a	 relation	between	 genetic	 differ-
entiation	 (DEST)	 and	 increasing	 geographic	 distance.	Nevertheless,	
large-scale	currents	 in	the	area	seem	to	play	an	 important	role	for	
the	observed	 genetic	 differentiation	 and	 the	 four	 genetic	 clusters	
suggested	by	the	TESS	analysis	conform	well	with	the	major	oceano-
graphic	currents	in	the	WIO.	We	hypothesized	that	the	northbound	
TA B L E  2  Assignment	test	of	Thalassia hemprichii	at	11	locations	in	the	West	Indian	Ocean
Country Site
% assigned own 
site









Mozambique ZIS 94 Unknown    
Mozambique ZIN 100     
Mozambique ZP 88 Unknown  TZF TZM
Tanzania	-	Zanzibar TZF 92 Unknown    
Tanzania	-	Zanzibar TZM 90 Unknown    
Tanzania	-	Zanzibar TZC 100     
Tanzania	-	Zanzibar TZN 93 TZC KM   
Tanzania-Mainland TM 100     
Kenya KM 94 Unknown    
Madagascar MAE 100     
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SEC,	NEMC,	and	EACC	should	influence	the	genetic	structure	from	
Madagascar	in	the	South	to	Tanzania	and	Kenya	in	the	North,	lead-




















their	 velocity	 between	 the	 two	 revising	monsoons.	 The	 gyres	 are	
stronger	 in	 the	SE	monsoon	and	are	 reduced	 in	 the	NE	monsoon,	
however,	the	circulation	is	all	year	around.	In	fact,	eddies	have	been	







A	 higher	 admixture	 was	 found	 for	 the	 sites	 in	 Mozambique,	
Zanzibar,	 and	 Kenya,	 which	 is	 in	 concordance	 with	 other	 genetic	
studies	 in	 the	area	on	crabs	 (Fratini,	Ragionieri,	&	Cannicci,	2010),	
corals	(van	der	Ven	et	al.,	2016),	and	fish	(Visram	et	al.,	2010).	The	






















firm	 our	 hypothesis	 that	 the	 major	 hydrodynamic	 features	 shape	
population	genetic	structure	of	T. hemprichii	 in	 the	WIO	region.	 In	





putative	 outlier	 loci,	 loci	 likely	 under	 selection	 driven	 by	 environ-
mental	factors,	into	their	analysis	(Phair	et	al.,	2019).
4.2 | Contribution of clones and 
heterozygote deficits
Asexual	reproduction	is	common	in	seagrasses	and	has	knock-on	
effects	 on	 genetic	 variation	 of	 populations.	 We	 detected	 high	
genotypic	 richness	at	most	 sites,	despite	distances	of	10–150	m	
between	 individuals,	which	 suggests	 that	 both	 sexual	 and	 asex-
ual	 reproduction	modes	 are	 an	 important	 in	T. hemprichii	 (mean	
R	=	0.65).	Only	one	site	in	Mozambique	(ZIN)	showed	a	dominant	
asexual	 reproduction	 mode.	 Significantly	 heterozygote	 deficits	
(positive	 FIS–values)	 were	 observed	 for	 all	 sampled	 populations,	
a	 finding	 commonly	 observed	 in	 seagrasses	 in	 general	 (Arnaud-
Haond,	 Stoeckel,	 &	 Bailleul,	 2019)	 and	 found	 in	 T. hemprichii	 in	
the	 Indo-Australian	Archipelago	 as	well	 (Hernawan	et	 al.,	 2016).	
Heterozygote	 deficits	 may	 result	 from	 several	 factors	 including	
null	alleles,	 inbreeding,	 linkage	(LD),	genetic	patchiness	at	a	 local	
scale	 due	 to	 a	 mix	 of	 differentiated	 cohorts	 (Wahlund	 effect),	
partial	 clonality	 (Arnaud-Haond	 et	 al.,	 2019),	 and	 recent	 admix-
ture	(Allendorf,	Luikart,	&	Aitken,	2013;	van	Oppen,	Lutz,	De'ath,	
Peplow,	 &	 Kininmonth,	 2008).	 In	 this	 study,	 inbreeding	 and/or	








pelago	 (Hernawan	 et	 al.,	 2016).	 The	 combination	 of	 low	marker	




the	 combination	of	high	 clonality	 and	 low	marker	polymorphism	
found	 in	 this	 study	 results	 in	 a	 high	 likelihood	 that	 a	 large	 pro-
portion	of	alleles	are	not	detected	 (Hale	et	al.,	2012),	which	has	
impacts	on	all	FST	related	measures.	As	we	observed	very	high	val-
ues	 from	 the	 FST	measures	 and	 low	polymorphism,	we	used	 the	
     |  8961JAHNKE Et Al.
approach	suggested	by	Wang	(2015)	to	test	whether	our	estimates	
are	 substantially	 affected	 by	mutations.	 Results	 (not	 shown)	 re-
vealed	no	significant	negative	relationship	between	the	two	meas-
ures,	indicating	that	results	are	reliable	(Wang,	2015).
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